Abstract. Measurements of the kinetic isotope effect (KIE) for the reactions of light n-alkanes as well as for several unsaturated hydrocarbons, including alkenes, dienes, benzene, and ethyne with OH-radicals are presented. All measured KIEs are positive; that is, molecules containing only C-12 react faster than the C-13 labeled molecules. However, the KIEs for n-alkanes are quite small; between one and four permil. They can be explained mainly by the mass dependence of the collision frequency between the n-alkanes and OH-radicals. KIEs for the reaction of alkenes with OHradicals are considerably higher. They can be explained by a fractionation of 24.5 + 1.1%o for the addition of an OH-radical to a double bond. Inverse dependence on number of carbon atoms and mass dependence of the collision frequencies explain our observations. For benzene the KIE is slightly higher; for ethyne it is somewhat lower than expected from this simple model. For the reaction of many light nonmethane hydrocarbons (NMHC), especially of unsaturated hydrocarbons, with OH-radicals the KIEs are sufficiently large to have significant impact on the isotopic composition of atmospheric NMHC. A small series of stable carbon isotope ratio measurements of atmospheric NMHC were made in the greater Toronto area. Traffic related NMHC emissions were also studied for their stable carbon isotope ratios. From these data it is possible to quantitatively determine the extent of photochemical processing due to OH-radical reactions that the individual NMHC has experienced. Thus such measurements allow quantitative evaluation of the extent of chemical processing the different NMHC have gone through. This also includes the possibility to differentiate between the impact of local sources and regional or large scale transport. It is shown that in combination with concentration measurements isotope ratio measurements are extremely valuable to study the complex interaction between chemical removal mechanisms, mixing, and dilution processes.
In this paper we will present results from measurements of the kinetic isotope effect (KIE) associated with the reaction of several hydrocarbons with OH-radicals, by far the most important removal process for NMHC in the atmosphere. Results from a small series of ambient measurements of NMHC concentrations and stable carbon isotope ratios in the greater Toronto area also will be presented. These include some limited studies of the isotopic composition of traffic-related emissions.
On the basis of these results and the few published observations of stable carbon isotope ratios in atmospheric NMHC, we will explore the usefulness of the technique and identify missing knowledge needed to use the full potential of stable isotope ratio measurements for atmospheric NMHC.
Experiment
The kinetic studies were conducted in a PTFE reaction chamber (0.5 mm wall thickness) of approximately 30 L in volume.
The reactions of 11 different NMHC with OH radicals were studied in synthetic air at ambient pressure. OH-radicals were generated by photolysis of isopropyl nitrite (1000 ppm) in the presence of ppm levels of NO. Generally, three hydrocarbons of comparable reactivity were studied in each experiment, of which 10 experiments in total were conducted. The studied hydrocarbons and their initial concentrations for the different experiments are listed in Table 1 . The change of hydrocarbon concentration and stable carbon isotope ratio as a function of time was measured by isotope ratio mass spectrometry in combination with a gas chromatographic separation and a combustion interface (GCC-IRMS). A schematic set up of the experiment is shown in Figure 1 . The reaction chamber was housed in a rectangular box with an approximate dimension of 1.3 m x0.5 m x0.3 m. The box contained four fluorescent lamps ("black lights") emitting in the wavelength range from 320 to 400 nm. The number of lights and the period of time during which they were turned on between measurements depended on the desired OH-radical concentration and reaction time. The temperature in the box was measured, but not controlled. Owing to the heat generated by the fluorescent lights inside the box, the temperature of the reaction chamber was for some experiments between 10 K and 15 K above ambient. An electric fan of 10 cm diameter was placed inside the reaction chamber to ensure complete mixing during the experiments.
Prior to each experiment the reaction chamber was flushed with synthetic air for at least 24 hours at a flow rate of 100 mL/min with the lights in the box turned on. After turning off the lights, the reaction chamber was filled with synthetic air, and appropriate amounts of pure hydrocarbons were injected into the reaction chamber through a septum (injection port, Figure 1 ) to produce hydrocarbon mixtures with the desired concentrations. The hydrocarbons were obtained from Sigma Aldrich Canada Ltd. NO was added in the form of a commercial mixture containing 1% NO in nitrogen. Isopropyl nitrite was synthesized by the procedure described by Levin and Hattung [1995] compounds. Carrier gas flow rate was 3.9 mL/min (He). Flow rate was kept constant by varying the column head pressure as a function of column temperature using a commercial electronic pressure control unit. [1996] . The air samples were pressurized (about 3 bar) into stainless steel canisters of 3 L volume and then transferred to the laboratory for analysis. The setup for ambient stable carbon isotope ratio measurements was very similar to the procedure described above. The main difference was the use of a two-step preconcentration procedure very similar to that described by Rudolph et al. [1997b] to allow analysis of larger sample volumes, typically between 2000 and 5000 cm 3. The samples were also analyzed for NMHC mixing ratios by established GC-FID methods, closely following the procedure described by McLaren et al. [1996] and Rudolph [1999] .
Furthermore, 15 samples were collected at different sites heavily impacted by traffic related emissions. These sites included a downtown Toronto tunnel, a gas station, and an underground parking garage. These samples were analyzed by the same procedure used for the York University samples, with smaller sample volumes used for analysis, generally a few hundred cubic centimeters. The reproducibility of the ambient isotope ratio measurements is in the range of 0.3-19/oo, while the reproducibility of the mixing ratio analysis is about 5%, its accuracy 10-15%. The carbon dioxide used for calibration of the isotope ratio measurements is traceable to Peedee belemnite, the internationally accepted reference point for •3C/•2C ratio measurements with an estimated accuracy better than 0.1%o. All isotope ratio measurements presented here are relative to this internationally established Peedee belemnite scale.
Stable isotope ratios are generally measured and calculated in the form of relative differences between the sample and a reference standard (/5 notation). Since changes in isotopic composition are generally small, they usually are given in perrail /5 (%o) = (C13/C12-refc13/refc12)/(refc13/refc12)xlO00. KIEs are generally very small, and thus the fractionation factors will be close to one and similar to the isotopic composition they can be conveniently expressed as a relative difference The maximum change in concentration was less than 60%; the corresponding change in isotopic composition was less than 496o.
In Table 2 Owing to the still very limited number of available data, such estimates will have considerable uncertainties. Nevertheless, they will be extremely valuable for the interpretation of ambient observations, planning of atmospheric studies, and model calculations of stable carbon isotope ratios in NMHC. As mentioned above, within a homologous series of hydrocarbons KIEs for reaction with OH-radicals show significant decrease with increasing carbon number (Table 2 and Figures 3 and 4). Such a decrease is expected due to statistical reasons.
Only about 1% of all carbon atoms has an atomic mass of 13. The probability that more than one carbon atom in a small molecule is a 13-C atom is therefore negligible. Thus the probability that the carbon atom that is attacked by the OH-radical is a carbon 13 atom instead of carbon 12 is inversely proportional to the number of carbon atoms of the studied molecule. This theoretical dependence is shown in Figure 3 for n-alkanes based on the assumption that the KIE for each carbon atom in the n-alkanes is identical to that reported by Canttell et al. [1990] for the reaction of methane with OH-radicals.
Our measured KIEs for propane and n-butane are roughly a factor of two higher than expected from such a prediction. This is outside of the uncertainty of the measurements. Obviously, the results for propane and n-butane do not agree with the concept that the KIE for the reaction of alkanes with OH-radicals can be calculated from the KIE for methane based on statistical considerations only. For nhexane the difference is not significant, but this is the consequence of the large uncertainty of the measured KIE. One possible explanation for the disagreement is a dependence of the KIE on the degree of substitution of the carbon atoms. We can describe our observations by the assumption of a fractionation of 10.0%0 + 2.29/o0 for the abstraction of a hydrogen atom from a secondary carbon atom and the expected inverse dependence on number of carbon atoms (Figure 3) . However, our data also fully agree with the idea that KIEs for reaction of n-alkanes with OH-radicals are predominantly due to the mass dependence of the collision frequency between n-alkanes and OH-radicals (Figure 3) . Although our data still leave some room for fractionation effects that are not due to the mass dependence of the collision frequency, such effects most likely are quite small. For example, the difference between measured and calculated KIE for n-butane is compatible with an additional fractionation effect of around 0.8-1.2%o. The values for propane and n-hexane suggest that such an effect might even be lower.
These small fractionation effects suggest that in the transition state the strength of the C-H bond of the abstracted hydrogen atom is only slightly decreased relative to the educt. This is compatible with apparent activation energies close to zero or below zero for hydrogen abstraction by OH for the alkanes we studied [Atkinson, 1997] . Furthermore, the reaction of alkanes with OH radicals occurs via OH attack at the hydrogen atom, that is a C-H-OH transition state. Strictly speaking, the influence of the atomic mass of the carbon atom on this reaction rate is a secondary isotope effect. Secondary isotope effects are generally small and are fully consistent with our observations. For the studied alkanes, hydrogen atom abstraction occurs primarily from the secondary carbon atoms. Because of the limited amount of data, we presently cannot decide whether the KIEs for other alkanes will exhibit a similar carbon number dependence. Extrapolation of our results suggests that the KIE for reaction of ethane with OH-radicals is around 6%o. However, the activation energy, that is substantial is about half the activation energy for the reaction of methane with OH-radicals. Furthermore, ethane has only primary carbon atoms. An extrapolation of our results to all alkanes based on the assumption that the KIE is dominated by the mass dependence of the collision frequency therefore is highly uncertain. If the KIE for hydrogen abstraction by OH-radicals from a primary carbon atom is between those for secondary carbon atoms and isolated carbon atoms (methane), we would expect the KIE for ethane plus OH to be somewhat lower than 6%o, probably in the range The assumptions of an inverse carbon number dependence of the KIEs neglects the possible influence of secondary isotope fractionation effects. Depending on chemical structure, secondary isotope effects may involve more than one carbon atom and consequently this effect would decrease less rapidly with increasing carbon number. For the addition of an OH-radical to a C-C double bond we expect that in the transition state the strength of the double bond is diminished, corresponding to a change in vibration frequencies. This will result in an isotope effect if any of the two C-atoms forming the double bond is a 13-C atom. Similarly, for conjugated double bonds or aromatic systems addition of an OH-radical most likely will affect the bond strength between several carbon atoms. Obviously, such secondary isotope effects cannot be described by the inverse carbon number dependence. However, as mentioned above, secondary isotope effects generally are small. Nevertheless, they may be one of the reasons for the deviations between experimental observations and the inverse carbon number dependence shown in There are two published studies of isotopic composition of NMHC sources: one study of biomass burning emissions and one tunnel study [Rudolph et al., 1997b ]. Thus we have to rely on ambient measurements in areas strongly impacted by local sources to obtain some estimate of isotopic compositions of NMHC emissions. emitted from burning C-3 plant material [Rudolph et al., 1997b] are also included. Some information is available on the isotopic composition of natural and petroleum gas. Although these are It also has to be considered that, due to the low reactivity of ethyne, its continental background can be in the range of a fraction of a ppb or more. Depending on the magnitude of local emissions, such background levels will contribute a highly variable fraction to urban ethyne levels. Moreover, due to the large KIE for the reaction of ethyne with OH-radicals, we can expect that background ethyne will be substantially enriched in 13-C. (Table 3) . For propane the difference is several times the KIE for the reaction with OH-radicals, the main removal process for atmospheric propane. This suggests that the studied air mass has been subject to photochemical processing equivalent to several lifetimes of propane (equation (5)). This is in very good agreement with the conclusion by Clarkson et al. [1997] derived from measurements of ethane and propane mixing ratios at Baring Head. They estimated that the transport times from the source regions to Baring Head range around 4-6 weeks. On the basis of equation (5) (5øN-30øN) are very similar to values found in urban areas (Table 3) . Consequently, the concentration change due to chemical processing can be only small, and the ratio of tCz / 0Cz according to equation (7) There is a clear difference in atmospheric mixing ratios between daytime and nighttime or very early morning. Although there is considerable variability, between midnight and 0700 LT, the mixing ratios of the different NMHC are on average between a factor of 2.5 and 16 higher than during the day. This is the result of the formation of a strong and shallow nighttime inversion layer. In such an inversion layer, emitted trace gases accumulate and even in the vicinity of only moderate sources high mixing ratios can be observed. The formation of a strong nighttime inversion is fully compatible with the low wind speed and clear sky during the night, as well as the substantial drop in temperature between 1900 and 0500 LT. On the basis of our observations we conclude that for the given situation, the impact of the nighttime inversion far outweighs the influence of downtown Toronto emissions during the daytime. The low daytime mixing ratios may be the result of both fast atmospheric dispersion and photochemical removal of the trace gases. In this context, information on isotopic composition is extremely valuable since it allows differentiating between dilution and chemical removal. We will therefore have a closer look at the diurnal variation of stable carbon isotope ratios.
Three generalized conclusions can be drawn from the results in Figures 6a-6e . First, there is no obvious correlation between mixing ratios and stable carbon isotope ratios. The highest correlation coefficient we found is around 0.3. Second, the lower range of ambient isotope ratios is identical to the known isotopic composition of the transport related sources. Only one of the ambient stable carbon isotope ratios is significantly (1 • level) lower than the average of the studied sources. However, a substantial number of the stable carbon isotope ratios are significantly heavier than the average source composition. Finally, as predicted by equation (5), the differences between the average isotopic composition of the sources and ambient observations are higher for compounds with a larger KIE or higher reactivity toward OH-radicals. For example, propane and benzene have a very similar reactivity toward OH-radicals, whereas the KIEs for the reaction with OH-radicals differ substantially. Here the effect of different KIEs is reflected by the observation that the difference between source composition and ambient isotope ratio is on average a factor of 2.3 + 0.4 higher for benzene than propane, comparable to the ratio of the corresponding KIEs of 2.2. For propane and n-butane where the OH k differs, we find an average ratio of 0.69 + 0.17, whereas the ratio of the KIEs is 1.2. However, as predicted by equation (5), the ratio of the products of rate constants and KIEs for reaction with OH is 0.56, which is in good agreement with the observations. Also, the high fractionation effects seen for propene are fully compatible with the high KIE and rate constant for the reaction of propene with OH-radicals.
On the basis of these observations we conclude that our measurements of the stable carbon isotope ratios of NMHC sources give a realistic estimate of the average source composition for the greater Toronto area. Furthermore, the results indicate that the differences between source composition and atmospheric observation are primarily the result of atmospheric removal processes, specifically the reaction with OH-radicals.
Under these conditions we can use equation (5) -.• ........ • ................ ... -butane, (c) n-pentane, (d) propene, (e) benzene. (f) wind direction (open squares) and wind speed (solid  squares), and (g) atmospheric temperature (open squares) and pressure (solid squares) . 
Comparison With 2-D Model Calculations
Presently, there are no published model predictions of the stable carbon isotope ratio of atmospheric NMHC. Therefore we set up a simple two-dimensional model using prescribed transport, OH-radical, and temperature fields. For ethane source strength we used the latitudinal dependence of the emission rates derived by Rudolph [1995] from atmospheric observations of ethane mixing ratios. The total source strength in this scenario is 15.5 Tg/yr. For consistency, we also use the OH-radical, transport, and temperature fields used by Rudolph [1995] . We assume that the ethane source strength is independent of season. On the basis of the available results of emission studies (see Table 3 ) we used a stable carbon isotope ratio of-30%o for the ethane emissions, independent of season and latitude. The results of Rudolph [1995] indicate that there might be a systematic seasonal variation of emission rates; however, on a global scale this variability is relatively small and essentially absent in the Southern Hemisphere. Furthermore, information that would allow tbr construction of a detailed seasonal and latitudinal dependence of the stable carbon isotope composition for ethane sources is essentially absent. The model has only a coarse resolution with a latitude band size of 10 ø and 13 vertical layers with a thickness of 1 km each. Propane emissions are scaled to the ethane sources using a molar propane to ethane emission ratio of 0.6, compatible with average relative source compositions [cf. Hough, 1991] . Stable carbon isotope ratio for propane emission is -28 + 1.5%o, compatible with the limited available data (Table 3 and Figure 6a ). The rate constants and their temperature dependence for reaction with OH-radicals are taken from Atkinson [1997] . For reaction of ethane with OHradicals we use a KIE of 5%0 with an uncertainty of 4-2%o (see discussion above). For the fractionation of propane due to reaction with OH-radicals we use our measured KIE and its experimental uncertainty.
For 40-50øN (the latitude band where Toronto is situated) we calculate a stable carbon isotope ratio of-25.7 + 1.69/oo for propane. This is at the heavy end of the observed average of -27.1 + 1.5%o (error of mean is 0.4%o). Still, the average of the highest 5 measured stable carbon isotope ratios is -25.6 + 0.2%o, which is compatible with our model predictions. However, the model-predicted mixing ratios are with 0.4 ppb well below all our observations. The comparison of model and observations for coastal areas of Japan (Table 4) for coastal and continental sites the model underestimates the mixing ratios. This is not surprising since the model calculates zonal mean mixing ratios. Thus for all latitude bands containing significant fractions of both land and ocean we expect that the modeled mixing ratios are somewhere between observations in continental and marine air. The isotope ratio measurements show that the difference in NMHC mixing ratio between continental or coastal air masses and the marine boundary layer is primarily the consequence of dilution processes and only to a lesser extent directly due to photochemical removal. This explains why a zonal averaged model correctly predicts the stable carbon isotope ratio in individual measurements, but not the mixing ratios.
The situation is reversed for the observations in the Southern
Hemisphere at 40øS. As pointed out above, model predictions and measured mixing ratios agree very well. However, the stable carbon isotope ratios indicate that the model-derived photochemical age does not always agree with the observations. The number of data points is too small to generalize this finding. However, independent of the lack of sufficiently representative data sets, isotopic evidence points toward a discrepancy that would not have been evident from mixing ratio measurements alone.
Conclusions
Our measurements show that the KIEs for reactions of NMHC with OH-radicals strongly depend on the structure of the molecules. For n-alkanes with more than two carbon atoms they are substantially higher than might be expected from an extrapolation of published values for the reaction of methane with OH-radicals. Still, the isotope fractionation occurring during reaction of n-alkanes with OH-radicals is small and in magnitude comparable to the mass dependence of the frequencies for the collision of n-alkanes with OH-radicals. Consequently, the impact of atmospheric removal on isotopic composition of alkanes, especially the heavier alkanes, is relatively small. This is fully compatible with our measurements in the greater Toronto area and the few published values for remote and urban regions. For these compounds, source composition has a substantial impact on ambient stable carbon isotope ratios. Potentially, such measurements will be useful for source-receptor modeling, or source reconciliation techniques. However, presently our knowledge of isotopic composition of NMHC emissions is extremely limited, and thus we are not yet able to derive any details on the importance of different types of sources from ambient stable carbon isotope ratio. In spite of these uncertainties, the observed stable carbon isotope ratios for light n-alkanes are generally very close to our estimated average source composition. The differences between source composition and ambient observations rarely exceed 5%0. Owing to the relatively small impact of removal processes on the stable carbon isotope ratios of n-alkanes, the photochemical age derived from n-alkanes has substantial uncertainties.
The situation is completely different for light, unsaturated NMHC (alkenes, dienes, ethyne, and benzene). Their KIEs are substantial, in some cases exceeding 10%o. Consequently, we find a substantial impact of atmospheric removal processes on the stable carbon isotope ratios. Our measurements in the greater Toronto area demonstrate that the impact of photochemical removal is sometimes as high as 109/00, more than a factor of 5 higher than the estimated uncertainty of the average source composition. Consequently, photochemical ages derived from measurements of isotopic composition for such compounds allow differentiating between local and regional or large-scale contributions. Specifically, such measurements are very useful to differentiate between the impact of dilution or mixing processes, and atmospheric removal mechanisms. In this context, it is very important that the NMHC with substantial KIEs for reaction with OH-radicals include compounds with a wide range of atmospheric residence times. Benzene and ethyne have tropospheric lifetimes of several weeks; reactive alkenes or dienes such as isoprene, butadiene, or butene have lifetimes of a few hours or less. This allows studies of atmospheric processes on different temporal and thus spatial scales.
The discrepancy between measurements and model prediction of stable carbon isotope ratios points toward the existence of model deficiencies in spite of the good agreement between model and observations for the mixing ratios. For our simple two-dimensional model this is not too surprising. Nevertheless, this demonstrates that isotope ratio measurements can be used to test model performance beyond the quality of mixing ratio predictions.
Qualitatively, the observed KIEs can be explained by conventional isotope effects resulting from the mass dependence of collision frequencies and, for unsaturated hydrocarbons, of the mass dependence of vibration frequencies in the Under specific conditions, for example, at night, these reactions may well be the dominant loss processes for NMHC. Depending on the magnitude of isotope fractionation effects associated with these reactions, stable isotope ratio measurements might be extremely useful to study these processes in the atmosphere, for example, the nighttime loss processes of biogenic NMHC. Similarly, several NMHC reaction with C1 or Br atoms can be relevant under specific conditions, for example, in the polar troposphere [cf. Jobson et al., 1994a Jobson et al., , 1994b Ramacher et al., 1999] . Again, studies of isotope fractionation reactions associated with these processes might be very useful to further improve our understanding of the role of halogen chemistry for the troposphere.
The presently available data are extremely limited. Nevertheless, the few examples discussed in this paper demonstrate that measurements of stable carbon isotope ratios of atmospheric NMHC combined with concentration measurements allow us to study chemical removal mechanisms as well as dilution and mixing effects. Presently, the extent and accuracy of quantitative information that can be extracted from stable carbon isotope ratio measurements in NMHC is still limited due to the lack of data on source composition, KIEs for the main removal mechanisms of NMHC, and the extreme scarcity of ambient isotope ratio measurements.
The use of stable isotope ratio measurements most likely will be of equal value to study other volatile organic trace gases, for example, halocarbons, including CFC substitutes, and oxygenated hydrocarbons as well as the oxidation products of NMHC. Presently, isotope ratio measurements for NMHC and other VOC are limited to carbon. However, nearly all VOC contain hydrogen atoms; many VOC contain chlorine, bromine, sulphur, oxygen, or nitrogen atoms. For all these elements there is more than one stable isotope. We expect that measurements of other stable isotope ratios will add further possibilities to gain insight into the mechanisms determining ambient VOC concentrations and distributions once suitable measurement methods are available.
